Study of metal magnetic memory (MMM) technique using permanently installed magnetic sensor arrays
INTRODUCTION
Due to their excellent mechanical properties and corrosion resistance, duplex stainless steels are gaining the attention for different applications in oil, nuclear, gas and chemical industries. These improved mechanical properties and corrosion resistance owed to a duplex microstructure composed of a balanced amount of ferrite and austenite. 2507 superduplex stainless steel (UNS S32750 SDSS ) has a higher Chromium and Nickel contents and exhibits a pitting resistance equivalent (PRE) number higher than 42. It is used in components exposed to highly corrosive conditions with high strength requirements. Like all ferritic stainless steels, duplex stainless steels are susceptible to the embrittlement phenomenon if they are exposed during service at a temperature between 280°C and 500 °C. This phenomenon is known as 475 °C embrittlement since it has been reported that the rate of embrittlement is highest at 475 °C [1] [2] [3] and is characterized by the reaction undergone by the ferrite phase: α→ α′ + α in this temperature range which is essentially produced by a miscibility gap in iron-chromium binary alloy system. The new phase α′ is richer in chromium content. For decades, various electromagnetic techniques such as the eddy current technique (ECT) and alternating current potential drop (ACPD) have been used for nondestructive evaluation (NDE) of materials. The ACPD has been used to evaluate microstructural changes by measuring conductivity and permeability of materials [4] [5] [6] . A novel directional four point ACPD probe was employed for creep monitoring [7] and further investigated by Prajapati et al. [8] for creep detection in the vicinity of a weld. In an effort to find a rapid and reliable alternative NDE technique, this paper investigates the feasibility of the ACPD measurement to assess the degree of embrittlement produced at different aging times in a UNS S32750 SDSS.
ACPD SQUARE PROBE MEASUREMENT
Electric current is injected into the sample through one pair of electrodes and the resulting voltage difference between two other points on the surface is measured using a second pair of electrodes. In ACPD inspections, the injected current is limited to a depth beneath the surface, which can be controlled by the inspection frequency as follows: 
Here, μ is the magnetic permeability, σ is the electric conductivity of the material and f is the frequency of the injection current. Compared to direct current potential current drop (DCPD), Hwangt and Ballinger [9] indicate that ACPD has the advantage that the same injection current produces much larger potential differences. Fig. 1(a) shows a spring-loaded square-electrode ACPD probe used to measure the electric resistance of the embrittled samples. This probe has four spring-loaded heavy-duty needle shape pins with 4 mm separation that are mounted in a Plexiglas fixture. This research uses a low frequency ACPD to measure the electric resistance in the x direction at the same location as shown in Figure 1 (b). The transfer resistance R = V/I is obtained by injecting current I at electrodes A1-A2 and measuring the resulting in-phase voltage drop V between electrodes C1-C2. The spring-loaded electrodes would guarantee that the average electrode separation a remains constant and independent between measurements. Because of this, the probe is not sensitive to geometrical effects and can be used to detect selective material changes only. The measured resistance (R 1 ) is related to the electric conductivity ( ) and electrode separation (a) by:
MATERIAL AND EXPERIMENTAL PROCEDURE
In the experimental work, ACPD measurements were performed to track the effects of heat treatments. Microstructural characterization was then performed by scanning electron microscopy (SEM). Furthermore, the effect of microstructural changes was monitored by measuring the microhardness on each aged sample, and ferrite content was tracked using a Fischer Feritscope model FMP30.
Sample reparation
A 12.7 mm thick, of UNS S32750 SDDS plate was used in this study, the chemical composition is shown in Table I and a PREN = 42 was calculated. Six samples were obtained from the plate; each has dimensions 180 × 50 × 12.7 mm 3 . Embrittlement treatments on the samples were conducted at 475 °C for holding periods of 10 min, 1 h, 50 h, 100 h, 300 h and 1000 h respectively, followed by water quenching. In order to follow the embrittlement phenomenon, Vickers microhardness measurements were performed on all samples using a computer controlled microhardness tester. The tester is equipped with manually controlled xy stage unit and digital micrometer heads and the spatial resolution is1 μm. A load of 50 g was applied in a rectangular area of 2 × 1.5 mm 2 with separation of 50 μm. The center of the area was located at half the sample thickness with the larger dimension oriented in the rolling direction. The area is composed of 30 horizontal lines each one containing 40 indentations and thus a total of 1200 indentations are made. In addition, for the microstructural analysis specimens were prepared by conventional metallographic polishing and etching in a KOH electrolyte (25 g KOH, 50 ml water) with a voltage of 3 V for approximately 20 s. Finally, prior to ACPD tests, all the specimens were carefully ground to grade 1000 emery paper
RESULTS AND DISCUSSION

Microstructural nalysis
In the as-received condition, the microstructure of the 2507 SDSS is composed of elongated grains of austenite (γ) in a matrix of ferrite (α) as shown in Fig. 2(a) . It has been reported that when this material is subjected to longterm aging at 475 °C, embrittlement predisposes the material to a selective or localized corrosion attack. This degradation phenomenon is attributed to the spinodal decomposition that leads to precipitation of α′, which then causes Cr depletion in the alloy-surrounding matrix. Optical microscopy analysis shows that no perceivable changes are observed between the as-received and embrittled samples as shown in Fig. 2(b) of the microstructural characteristics of the 2507 SDSS sample aged for 300 h. The images show the microhardness indentations marks. On the other hand, the measured ferrite content decreases by a quite significant amount. The ferrite content measurement is performed using a feritscope that measures the ferrite content from changes in the magnetic permeability. Fig. 3 shows the changes in apparent ferrite content as a function of aging time. It can be seen that at short aging periods for up to 30 minutes the apparent ferrite content remains unchanged at approximately 38 %, exhibit a small reduction to 35 % from 1 h to 50 h, and rapidly decreases to 27 % and 22% for holding times 100 h and 300 h, respectively. As seen in the microstructural images of Fig 2, the changes in apparent ferrite content measured by this method is not representative of the real ferrite content of the material. This is due to the fact that the measurement is more related to the strength of the induced field that changes with the amount of ferromagnetic phase present. These changes are somehow produced by the ferrite transformation phenomena that undergoes at 
EFFECT OF AGING ON ELECTRIC CONDUCTIVITY
The experimental setup is capable of accurately measuring the potential drop at very low inspection frequency; this low frequency measurement is to assure an essentially quasi-static operation to avoid magnetic permeability effects typical of wide range of materials including paramagnetic properties of 304 austenitic stainless steel and ferromagnetic low-alloy chromium/molybdenum steels.
In all experiments, the injection current (I), inspection frequency (f), and electrode separation (a) were kept constant at 10 mA, 3 Hz, and 4 mm, respectively, with the measurements being conducted at room temperature. Fig.  4 shows the electric conductivity variation as a function of holding time. Minor changes are observed for holding times up to 50 h. For longer holding times (100 h and 300 h) the conductivity increases gradually which could be related with microstructural changes such as the phase separation that occurs at a very small scale during thermal exposure at 475 °C. 
Holding time [h]
Effect of ging on ardness
Due to the difficulty of detecting the embrittlement, this phenomenon can be studied only through indirect observations such as hardness. Fig. 5 shows the mean values and standard deviations of the Vickers microhardness, it is seen that values for as-received and aged for 10 minutes samples are very homogeneous throughout the entire measured area (average = 315 HV 50 ), slight effects of aging begin to reveal after aging for 1 hour with small increments (↑30 HV 50 ) in hardness in some regions were observed. After 50 hours of holding time, in some regions, hardness increases to an average value of 432 HV 50 and peak values around 567 HV 50 
CONCLUSIONS
This work investigated the use of the electric conductivity measurement using an ACPD probe with squareelectrode configuration for monitoring 475 °C embrittlement of 2507 duplex stainless steel.
It is shown that the electric conductivity determined from electric resistance measurements changes significantly and is well correlated with other measurement data including the DOS, microhardness, and ferrite content. Therefore, the measurement technique can be used for the detection and possibly for quantitative evaluation of the 475 °C embrittlement damage that is caused by thermally activated microstructural changes due to the precipitation of nanometric precipitates of α′. Consequently, the present research demonstrates the feasibility of using the ACPD probe for in-situ monitoring of 475 °C embrittlement. 
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